In this paper we focus our attention on the analysis and management of Clinical Pathways (CPs) in health care systems. From an operational point of view, the CP is "the path" followed by a patient with a given pathology through the health-care system. We start by a global vision and propose a modeling framework based on a discrete event simulation model to identify the critical activities and scarce resources that represent the process bottlenecks both from a patient-centered and facility-centered point of view. Moreover, we face the challenging problem of integrating simulation and optimization in order to put together the capability of the simulation in the scenario analysis ("what-if" analysis) and in describing the dynamics of the system considered and the decisional strength of the optimization, i.e., the "what-best" analysis. The framework is applied to a case study for the thyroid surgical treatment.
Ozcan, Tànfani, and Testi of administrative data linking the different levels of care that could allow monitoring the patient path continuously.
The complexity of the problem requires an integrated approach where different economic and quantitative tools as well as simulation and optimization techniques can find their place (Brandeau, Sainford, and Pierskalla 2004; Ozcan 2009; Vissers and Beech 2005) . Even if many experiences for specific diseases can be found in the medical literature, at least to the writers knowledge, there is no general recommendation or technique that can be used as a decision support tool in the general case. Instead the OR&MS literature is very poor. Some authors propose discrete-event simulation models aimed at investigating the global flow of patients belonging to different paths, focusing only on the hospital phase or ambulatory phase (Cardoen and Demeulemeester 2008; Swisher et al. 2001 ). Maliapen and Dangerfield (2010) propose a system dynamics-based simulation approach to examine the development of clinical pathways in a hospital in Australia, while Cote and Stein (2007) develop a semi-Markovian queuing model for modeling the flow of a single patient during a treatment given in an ambulatory structure.
The aim of this paper is to develop a modeling framework aimed at analyzing the pathway of patients with common acute diseases, highlighting not only variability but also critical points and bottlenecks, and identifying the organizational model of care, thus allowing the proper sizing and optimal management of resources. Instead of using a hypothetical example with a specific disease as an illustration, we present a case study for the thyroid surgical treatment using the data collection process at the Department of Surgery of a public hospital sited in Genova (Italy). Note that thyroid is a good example for clinical pathways because it fits most of the selection criteria suggested by Zander and Bower (1987) , such as: 1) prevalent pathology within the care setting, 2) pathology with a significant risk for patients, 3) predictable clinical course, 4) pathology well defined permitting a homogeneous care, 5) existence of recommendations of good practices or experts opinions.
MODELING FRAMEWORK
The framework herein proposed is schematically described in Figure 1 . The novelty of the proposal regards both methods as well as expected results. As far as methods are concerned, it can be noted that different modeling techniques (project management, simulation and optimization models) are integrated in the framework giving different informative outputs. This approach allows to assess and optimize the CP performance in terms of a set of indicators taking into account both the patient and the facility point of view. In the following the main steps of the framework are briefly described.
Step1. In order to identify the nature of the flow process, and to create a functional clinical pathway the first step is identifying the fundamental activities that make up the process of health care delivery as an integrated project with many tasks to be executed (Breakdown Activity Structure). This requires to create, with the clinicians and personnel involved in the care process, a simple flow chart that must effectively represents the relevant activities, that characterize the clinical path of patients with a given pathology, as well as the causality and precedence relations among them. These information are used to identify the CP and implement a project management study by following four steps: 1) identification of activities, 2) identification of relationships among activities, 3) identification of time requirements for the activities (deterministic and probabilistic), and 4) identification of the path(s) for care delivery and its duration (Ozcan 2009) . Using the classical Critical Path Method (CPM) and Program Evaluation and Review Technique (PERT) it is possible to estimate the project duration, identify the activities most critical to its ontime completion, and calculate how long any activity can be delayed without delaying the project.
We argue that a project management approach helps to conceptualize the path and synthesize how each patient goes through the treatment process. However, there are two main drawbacks: i) solutions are generated assuming infinite resource capacity; ii) waiting times among activities are not considered. Step 2. In order to take into account the variability and stochastic characteristics of the system as well as the availability of the resources involved in the CP, the use of a simulation model is the more natural and obvious choice. The main output is twofold. First, simulation allows to assess the performance of the system by means of a complete set of indicators. The performance analysis must take into account the patient point of view (average waiting time, average CP length, variability with respect to the clinical guidelines), as well as hospital point of view (throughput, referral and elective waiting list length, under or over utilization of operating rooms, bed occupancy rate and so on). This means from an economic perspective to close the model integrating the demand and the supply side. Secondly, the simulation model can allow us to identify the "scarce" resources that represent the process bottlenecks. Moreover, by the "what if" analysis it is possible to evaluate the impact of organizational changes consisting mainly of rearrangement or capacity increase of the existing resources, learn how the system responds to changes in assumptions, test modifications and assess the effects and process improvements in advance.
Step 3. The third step uses optimization methods to deal with the main CP criticalities stemming from
Step 1 and 2. When the system performance is not satisfactory, that is when the gap between real and standard value of some indicators is greater than an objective predetermined value (for instance CP length and waiting time longer than the a priori fixed guaranteed one), some strategies could be detected by means of ad hoc optimization models. For that purpose the DES model must be designed to interact with some optimization models at predetermined instants of the simulation run. After individuating the "what best" solution for a given problem/task, the simulation model allows to validate the optimized solutions with respect to the whole system.
In addition, we face the challenging problem of integrating simulation and optimization (Fu 2002; Fu, Glover, and April 2005) in order to put together the capability of the simulation in the scenario analysis ("what-if" analysis) and in describing the dynamics of the system and the decisional capability of the optimization, i.e., the "what-best" analysis. Our purpose is to go over the classical approach, in which simulation is just a tool for measuring the goodness of some optimization solutions, in order to develop an integrated approach in which the optimization represents the decision engine for the simulation project. Integration between simulation and optimization allows to get the best scenario, i.e., the choice of param-eter values that allow to optimize the trade-off between patient-centered and facility-centered point performance indicators.
APPLICATION TO THE THYROID SURGICAL TREATMENT CASE STUDY
The framework uses as operative scenario a specialty of the Department of Surgery in San Martino University Hospital sited in Genova (Italy) that is specialized in the thyroid procedure. The existing collaboration with the specialty surgeons give us the possibility to implement the framework for the thyroid surgical treatment. It seems to be an appropriate example for two reasons. First this procedure fits most of the selection criteria suggested by Zander and Bower (1987) recalled above. Secondly, recent studies suggest that clinical pathways for this procedure have the potential to reduce length of stay and limit variability in care, thereby yielding cost savings (Kulkarni et al. 2011; Ramanujam and Cheah 2005; Soria-Aledo et al. 2008) .
Implementation of the Framework
Firstly, we share with the clinicians and other personnel involved in the care process of the thyroid treatment the relevant information in order to construct a representative flow chart for the referred treatment (Ozcan, Tànfani and Testi 2011) . The developed flow chart follows the patient across three settings: ambulatory, ward and operating theatre. From entry to exit the patient flow is visualized and decisions and actions are identified ( Figure 2 ). 
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Note that, the flowchart is now implemented in the current practice and is a crucial tool in periodic internal audits for quality assurance.
Starting from this flowchart, clinical and non-clinical staff in ambulatory, wards and operating theatre were asked to collect the data on the activities. Results of the collection on the time needed to perform each activity on random selected patients are given in Table 1 . For each activity, the precedence relationships and the deterministic and probabilistic time durations are reported. Note that the times are all expressed in minutes except for the hospital stay that is expressed in days. These data have been used to estimate the duration of the thyroid surgical treatment under deterministic and probabilistic scenarios as well as to identify the activities most critical and calculate how long any activity can be delayed without delaying the project.
Our preliminary results showed that the deterministic solution suggests 2997.5 minutes to complete treatment under fixed conditions, this translates to approximately 50 hours or two days plus 2 hours. Most of the activities lie on critical path with the exception of activity "C" (registration for elective wait list) and activity F (scheduling and planning waiting list). In probabilistic solution the critical path remains same, however, the thyroid treatment mean completion time increases by about 3 hours.
Obviously, the project management approach considers the time needed to complete the thyroid treatment under a "best case" scenario, i.e., under the assumption of infinite resource capacity and hypothesizing that each activity can begin immediately after that all the predecessors have been executed, i.e., the waiting time between activities is not taken into account.
In order to relax the strong assumption that resources are always available to perform each task for each patient, a Discrete Event Simulation (DES) model has been developed using the simulation software Witness (Lanner Group 2010). The DES model overview of the care process of the specialty under study is ported in Figure 3 .
The simulation model is designed to include the flow of all patients going across the system, i.e., both the "thyroid" and "other pathologies" patients, since they compete against the same common resources of the specialty, i.e., personnel, ambulatory time, beds, operating theatres and so on. 

Patients can be admitted into the specialty as elective or emergent. Emergent patients are directly admitted from the Emergency Department to be operated on. Note, however, that this flow does not include the patients coming from the Emergent Department that after few days are dismissed because they do not need intervention or their intervention is postponed and they re-enter as elective patients. Elective patients start the care process by a consultation visit when a clinician decides if they need an intervention. In the latter case additional exams are prescribed and they should be controlled later. On the contrary, if they need an intervention, the surgeon registers them in the elective waiting list and assesses what is the Maximum Time Before Treatment (MTBT) the patient can wait without detrimental consequences on his/her health status. This means assigning the patient to a Urgency Related Group (URG). In the Department under study there are seven urgency categories (A,B,C,D,E,F and G) with a MTBT of 3, 15, 30, 60, 90, 120 and 180 days, respectively. The elective waiting list is prioritized by means of the percentage of patient MTBT elapsed during the wait that increases every day, depending on the urgency category.
Note that each elective patient has six attributes associated, i.e., URG, updated waiting time, diagnosis, Length Of Stay (LOS), Expected Operating Time (EOT) and Real Operating Time (ROT). The EOT is assessed by the surgeons during the consultation visit, whereas the ROT is the effective processing time of the patient entities and includes the actual duration of the surgical operation, the preparation, the anesthesia and the awakening times together with the room cleaning and set-up times. This represents the total duration of the operation performed in the Operating Rooms (ORs).
At a given planning time the list of patients that are scheduled to be operated on during the next week is decided. The model reads the Master Surgical Schedule (MSS) that is the ORs and block times allocation to the specialty during the next period (usually a week or two weeks). The MSS historical data or the solutions of optimization models (discussed later) can be used to determine the number of OR blocks assigned and their distribution during the week.
Before admitting a patient for a scheduled session (OR block) the model first verifies if the patient has executed the pre-operative exams and anesthesiologist visit following the specialty protocols (see Figure 2) ; afterwards it checks if the EOT is sufficiently short to be fitted in the unallocated capacity of some OR block. The procedure iteratively continues admitting patients, until the maximum capacity of all blocks are reached and creates the operation lists of all OR blocks at the beginning of the week.
Note that, when the patient is admitted before going into the assigned OR block to be operated on the model must verify if there is an overtime risk, i.e., whether the ROT of the patient is larger than the OR time already available in the assigned OR block time. This rule manages the fact that the effective surgery duration, i.e., the ROT, could be longer with respect to the EOT due to possible complications during the intervention. If there is an overtime risk the patient is shifted to the next scheduled day.
After being operated, patients go into the post-intervention stay beds (ward) for a given period of time depending on the diagnosis, URG and complications. Note that, the so called "Day Surgery", i.e., patients that are dismissed the same day of the intervention, after being operated are placed into a dedicated recovery room where they are kept in observation for signs of any complications until their release.
Data for developing and validating the DES model were collected retrospectively for one year (1 January -31 December 2009). The main data collected for each patient regards the sex, date of birth, first consultation visit and referral date (necessary to estimate the inter-arrival time), date of admission, surgery date, surgery durations, LOS, EOT and ROT, diagnosis procedure and Diagnosis Related Group (DRG). Note that, to model the specialty activity during the period two sets of administrative data have been collected. The first is related to all elective patients that enter the systems during the period, i.e., join the waiting list (Table 2) , while the second collects all the patients (emergent and elective) that have been operated on during the same period (Table 3 ). In Table 2 the case mix characteristics of the cohort of patients registered on the waiting list is reported. Among the 614 patients registered, 426 have been admitted during the period, while 188 are still waiting at the end of the year and more than 50% of them have been diagnosed as thyroid patients. For each patient group the average waiting time (in days) is also reported. Table 3 gives the average ROT and LOS of all patients (emergent, elective ordinary, and elective day surgery) operated on during the period and their classification with respect to DRG and URG. Note that among the 828 patients operated on during the period (some of them referred in 2009 and others in 2008), 420 have been recognized as DRG 290 (thyroid intervention) as main diagnosis at dismissal. Among the 47 patients coming from Emergent Department, 39 have been operated immediately (URG A), while 8 have a less urgent URG associated meaning that their intervention is postponed and they re-enter as elective patients. The last columns refer to day surgery patients that go home at the end of the intervention day (LOS=0).
Data related to the service times of the activities/tasks to be performed during the pathway have been also collected. For the thyroid patients the service time of the activities are modeled by triangle distributions using the times collected in Table 1 , while for the other patients they have been estimated and the resulting empirical distributions created as model elements. Note that different distribution functions are obtained depending on the urgency class (URG) of patients. For instance, in Figure 4 and 5 the ROT and LOS distributions for the patients belonging to the seven URGs are depicted.
The ROT are split into classes of 30 minutes, from 30 minutes to 7 hours and starting from the number of operations belonging to the same class of each URG the relative frequency is considered, thus deriving the corresponding distribution functions. The LOS are expressed in days and for each URG the frequency distribution function is derived for all patients (emergent and elective), except, of course, the day surgery patients. The ongoing activity is aimed at evaluating the inter-arrival distribution functions for all patient types (emergent, elective, thyroid and non-thyroid) and URGs, by applying classical Chi-square and Kolmogorov -Smirnov tests.
The model is already designed to interact with some optimization models at predetermined instants of the simulation run. In particular, at this moment, the interaction is designed on the decisions of how and when ORs are allocated to the specialty under study, referred as Master Surgical Schedule (MSS) problem. In our opinion this is the most critical decision because ORs are the most costly resources affecting all the following sub-process and, thereby, the CP performance.
To solve the OR planning and scheduling problem, a Minimax optimization model has been already developed to generate optimal OR allocation plans that are used as input parameters for a given period or until some conditions in the system behavior are reached (e.g., the waiting list of some URG patients fall down a given level). When a OR plan revision is needed the optimization model is recalled by the DES model and the simulation output are used as model input data for the next optimization.
EXPECTED RESULTS AND RESEARCH DIRECTIONS
At present, the main efforts are aimed at verifying the inter-arrival distribution functions of all patient types (emergent, elective, thyroid and not thyroid) and URGs, debugging and tuning the model. Afterwards, particular attention must be given to the validation of the model comparing the model's output with historical data (parametric tests) and verifying the results together with the staff members involved in the data collection (face validity). We expect to give the first findings of the application of the framework to the thyroid CP during the conference. The main expected results regards the possibility to constrain the resources in various levels and track various performance statistics including: system utilization, queue lengths for patients, patient wait times in queues and total time in the system. The validated model can be used to identify the critical components of the system that represent the process bottlenecks both from a patient-centered (single pathway) and facility-centered (whole system) point of view. The use of simulation allows tracking sys-tem variability as well as studying the resource utilization and their impact on the CPs length and waiting time.
Future directions will be devoted to use the framework for performing scenario analyses aimed at evaluating the impact of the organizational changes or alternative management strategies of thyroid clinical pathway and also verifying the robustness of the global health-care system when faced with changes in the epidemiological context like, and in particular, the growth of the incidence of a given pathology which is what is currently happening for thyroid.
